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1.  Early  end  Subsequent  Preparation  of  Casts  of  Aortal  Systems. 

On  15  June  1964  Hemodynaisics  Hesearch^  Inc.  undertook  research  under 
Office  of  Kaval  Research  Contract  44S4(00),  This  Project  aimed  at  clarifi¬ 
cation  of  flow  characteristics  in  the  hiaaan  aorta.  As  elaborated  elsewhere, 
there  is  little  or  no  information  available  concerrang  fluid  dynamics  in  this 
system.  Initially  it  was  planned  to  construct  an  idealized  ’’aorta”  —  a 
curved  plastic  tube  with  one  or  two  branches  —  and  to  insert  this  model  in 
a  laminar  flow  system.  However,  after  observing  the  major  differences  between 
such  an  idealized  model  and  early  casts  we  made  of  the  actual  aorta,  it  was 
obvious  that  differences  were  so  many,  and  of  such  a  large  order  of  magnitude, 
that  cdmost  no  test  data  on  the  idealized  model  could  be  trar^sferable  to  the 
more  congjlex  model,  nor  would  the  test-exporience  gained  with  the  simple  model 
be  of  great  value.  It  was  our  conclusion,  after  we  had  constructed  the  first 


dozon  or  30  raasonably  exact  aorta-casts,  that  little  of  the  iiifornation 
gained  from  a  mechanical  mock-ap  of  tho  aor-ua  could  be  transferred  to  'che 
project  goal. 

Research  efforts  of  the  first  six  months  were,  accordingly,  devoted 
to  testing  various  substances  for  an  ideal  material  and  technique  with  which 
to  construct  a  precise  duplicate  of  tho  lumen  anl  innor  walls  of  the  animal 
aorta  and  its  main  branches,  Tho  aortic-arch  system  of  the  calf  was  selected 
for  study  because  of  its  easy  availability,  and  because  the  artery  size  and 
branching  are  approximately  the  samo  as  those  in  can, 

A  critical  problem  centered  around  producing  an  eijact  cast  of  th^ 
normally-expanded  aorta.  This  was  first  approached  by  using  as  a  casting  sub¬ 
stance  paraffin  which  h*ad  a  melting  point  jxist  above  room  temperature,  I^kage 
of  the  paraffin,  solidification  in  cool  'octions  of  the  aorta  and  defoimtion 
of  the  cast  while  solid  contributed  to  the  difficulties.  An  additional  diffi¬ 
culty  that  ruined  many  specimens,  and  created  a  multitude  of  disposal  problems, 
was  the  necessity  to  perfuse  artery  systems  with  warmed  kerosene  prior  to  in¬ 
stillation  of  pa:?affin. 

After  discarding  paraffin  as  a  cast  substance,  aortas  were  filled 
with  certain  silicone  potting  compounds,  but  these  proved  fragile,  and  the 
material  fractured  easily.  Certain  liquid  plastics  were  next  utilized. 

Although  they  gave  excellent  reproduction  of  the  interior  of  tho  aorta, 
they  also  posed  insurmountable  problems  when  attengjts  were  made  to  remove 
their  from  the  final  aorta  "skin,"  also  plastic,  which  had  been  applied  by 
dipping, 

A  substance  whicn  seemed  to  offer  great  promise  Initially,  and 
with  which  fifteen  complete  aortal-system  casts  were  made,  was  a  fusible  metal 
(Cerrolow  11?),  Tnis  very  dense  substance  melts  at  11?^  F*,  but  at  ten^ieratures 


and  pressures  commonly  employed  in  cast  preparation,  the  alloy  freely 
enters  liunina  as  small  as  25  micra  in  diameter,  and  will  reproduce  smallest 
surface  irregularities.  The  technique  used  was  as  follows: 

Aortic-arch  systems  of  freshly-killed  calves  were  dissected  out 
through  the  courtesy  of  a  local  meat-packing  company.  In  the  laboratory, 
heavy  connective  tissues  were  stripped  away  carefully,  the  large  and  small 
artery  branches  being  carefvilly  preserved.  Specimens  were  placed  in  dilute 
ammonium  hydroxide  or  were  frozen,  both  of  which  processes  produce  permanent 
relaxation  in  the  artery  walls  (early  specimens,  not  so  ureated,  contracted 
and  became  perme.nently  "set"  in  abnormal  shapes).  The  systems  were  perfused 
in  hot  water  (50^  C,),  and  all  except  the  most  minute  artery  branches  tied 
off  (each  system  possesses  about  35  branches),  producing  a  relatively  water¬ 
tight  system.  Pressures  were  then  induced  on  the  water-filled  system  at  the 
same  levels  as  those  normally  present  during  life  (the  marked  distensibility 
of  the  aorta  is  vividly  demonstrated  under  these  conditions).  The  system 
was  then  switched  to  nitrogen,  the  distended  aoroa  partially  inmersed  in 
plaster  of  paris,  and  the  latter  allowed  to  "set,"  The  harderlrig  plaster 
adhered  to  the  wall  of  the  aorta,  maintaining  its  inflated  contours.  The 
specimen  within  its  plaster  mold,  was  then  immersed  in  hot  water,  arid  filled 
with  Cerrolow  117,  The  few  remaining  small  exit  holes  in  the  piaster  were 
successively  plugged  with  modeling  clay,  and  when  the  plaster-encased 
aorta  system  was  filled  with  metal,  the  entire  structure  (block  of  piaster 
and  model)  was  immersed  in  ice  water.  After  refrigeration,  plast-er  and 
aorta  were  stripped  from  the  metal  cast. 

Although  several  Cerrolow  metal  casts  were  practically  perfect 
reproductioriS  of  the  lumina  of  the  system,  and  faithfully  mirrored  the 
inner  wall  surfaces,  a  number  of  factors  proved  impractical  to  correct, 
Pouririg  temperatures  were  critical,  as  were  those  of  the  empty  aortal  system. 


Production  of  cavities  in  the  luetal  due  to  shrirJcage  upon  solidification 
occurred  in  unpredictable  fashion.  Bubbles  adhering  to  the  wall  of  the 
aortA  and  branches  were  reproduced  during  solidification.  Casts 

were  so  he&vy  that  it  was  practically  impcssible  to  iraintain  nonral  curva¬ 
tures  of  the  aortal  system  during  potting,  yet  after  solidification  the  metal 
tended  to  "creep,"  especially  at  room  temperatures,  arid  the  firxished  products, 
therefore,  had  to  be  kept  under  refrigeration.  Finally  models  were  sometimes 
unexpectedly  fragile,  and  would  fracture  under  sharp  impact.  Because  of 
these  problems,  some  of  them  insoluble,  metal  models  were  not  made  subse¬ 
quent  to  January,  1965. 

2.  Arter;/  wall  duolication. 

- -  *- 

We  have  conducted  a  time-consvimir.g  search  for  the  proper 
substance  with  which  to  form  the  wall  of  the  aortal  system.  This  material 
should  ideally  be  liquid  (in  order  to  conform  closely  to  small  surface 
irregularities  of  the  cast);  capable  of  solidification  at  room  temperatures; 
and  have  absolute  transparency  in  final  form.  Other  desirable  chc^racter- 
istics  include  elasticity  similar  to  thg.t  of  the  normal  aorta,  wall  thickness 
approximately  th*at  of  the  aromal  organ,  and  good  resistance  to  "fracturing." 
Silicones  were  given  a  trial  (Silastic)  and  proved  ideally  elastic  and  re¬ 
sistant  to  handling,  but  could  not  be  rendered  sufficiently  trarisparont  to 
allow  clear  visualization  of  injected  dye  filaments.  A  U.  S.  Rubber  product 
of  similar  type  was  discarded  for  identical  reasons.  Coating  of  the  casts 
with  pottiTig  compounds,  on  the  other  hand,  resulted  in  an  unforturxate  tendency 
to  milkiness  with  slight  variations  in  humidity  and  room  temperature.  Attempts 
were  made  to  correct  this  with  a  hot  air  blower,  but  this  produced  heapirig-up 
of  plastic  on  the  cast.  Since  adequate  drying  apparently  necessitated  a  balcing  oven 
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th8  «3q>lo9lve  natiire  of  the  sdxture  becaioe  a  fozmidable  problem. 

Attention  vas  next  directed  to  various  kinds  of  plastics.  We  believed 
we  had  found  the  answer  to  our  problem.  In  c  ollaboiation  with  Mr.  Richard  Merkel 
of  the  Plastics  Laboratory,  Allied  Chemical  Corp,,  we  managed  to  prepare 
several  clear,  fairly-resiHerib  models,  and  it  appeared  that  slight  varia¬ 
tions  in  proportions  of  additives  would  secure  the  desired  elasticity.  Metal 
casts  were  dipped  50  to  70  times,  in  a  variety  of  trial  solutions,  allowing 
three  hours  diTing  time  between  immersions,  and  finally  a  solution  composed 
of  100  parts  polyvinylchloride  resin  (Dow  133-4),  SO  parts  Plasticizer 
(Elastex  28-P,  Allied  Chemical),  and  l600  parts  msth^rlethyleketoue  selected 
as  superior  for  our  needs.  We  have  coated  a  number  of  casta  with  this  solution, 
with  promising  res\ilts. 

Walls  are  transparent,  and  highly  elastic,  but  the  method  of  casting 
is  very  time-consuming.  It  is  probable  that  we  will  use  samerwhAt  similar 
preparation,  perhaps  applied  with  spray  gun,  for  manufactirpe  of  our  elastic 
models,  and  we  will  continue  e:q>eriments  along  this  line  while  initial 
flow-etudies  through  the  rigid  model  (see  under  D)  are  being  conducted. 
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3.  Present  Status  of  Model  Construction. 

Beginning  in  January,  1965,  all  aorta-system  castings  have 
been  produced  using  a  silicone  rubber  (Silastic  RTV  502),  Most  of  the 
problems  associated  with  casting  substances  wo  had  previously  tried 
(shrinkage,  great  weight,  production  of  cavities,  fragility,  creeping)  were 
remarkable  by  their  absence.  The  first  half-dozen  specimens  filled  with 
this  silicone  were  prepared  in  our  customary  fashion,  i.e.,  by  removal  from 
the  animal,  dissection  in  the  laboratory  after  freezing  or  immersion  in  NKji^OH, 
and  after  tedious  ligation  of  all  branches  exiting  from  the  system.  Ihe 


-silicone  was  then  injected  unde^i*  nitrogen  pressin'e. 

Several  considerations  led  us,  at  this  encouraging  stage  of 
investigation,  to  attempt  further  refinement  of  our  e:q)erlmental  approach^ 

We  had  been  somewhat  concerned  by  the  fact  that  the  aortal  system,  as  present 
in  the  intact  animal,  possessed  somewhat  complex  curvatures  which  undoubtedly 
were  dependent  upon  adjoining  body  organ  stjoictures,  in  fact,  the  aorta 
was  obviously  supported  and  tethered  by  these  tissues,  "nese  tissue  re- 
lationshiips,  oi  course,  were  destroyed  when  the  aorta  and  its  components 
were  removed  from  the  cadaver.  In  addition,  we  had  noted  that  several 
major  arteries  (the  renals,  for  example)  were  quite  fragile,  and  sometimes 
tom  during  dissection,  despite  the  fact  that  this  was  done,  at  the  packing 
house,  under  bright  lights  and  magnification.  Small  arteries,  measuring  less 
than  a  millimeter  in  diameter,  were  frequently  inadvertently  tom  out  of  tiie 
aortic  wall  during  subsequent  dissection  at  the  laboratory. 

It  seemed  obvious  that  an  ideal  soluticn  was  preparation  of  the 
cast  while  the  aorta  was  undisturbed  ajxi  before  any  of  its  components  n&d 
been  dissected.  Accordingly,  we  obt6.ii:ed  a  pressure  gun  capable  of  handling 
large  cartridges  of  silicone  and  attached  it  to  a  portable  (lecture  bottle) 
source  of  nitrogen.  Only  the  teradrial  parts  of  the  aorta  branches  were 
identified  by  dissaction  and  clamped  off  with  hemos'cats,  iDcjection  of 
silicone  was  then  accomplished  at  the  iliac  bifurcation,  and  the  entire  aorta, 
all.  branches  (and  the  coronary  system  in  its  entirety)  filled  in  retrograde 
fashion.  Setting  of  this  viscous  substance  is  usually  cocpleto  at  ten 
minutes,  and  removal  of  the  entire  system  is  then  safe,  for  the  cast,  though 
remarkably  resilient,  will  retain  a  pexuanent  set.  The  silicme  has  been 
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found  to  faithfully  follow  all  Intra-arterial  contoviTs,  and  we  have 
now  produced  a  dozen  models  which  precisely  reproduce  the  lumina  of  the 
entire  aorta  and  its  major  and  minoi’  subdivisions, 

A  number  of  heretofore  unpublished  observations  have  been  made 
in  the  course  of  this  work.  First,  and  possibly  most  important  from  the 
standpoint  of  fluid  dynamics,  it  has  been  noted  that  the  mouths  of  the 
segmer.tally  distributed  arteries  leaving  the  aorta  in  the  thoracic  region 
are  elliptical  in  shape,  with  the  long  axis  oriented  transverse  to  the 
direction  of  flow,  and  that  proximally,  for  varying  distances,  a  gradually 
deepening  trough  leads  to  each  orifico.  The  effect  of  such  an  arragement 
In  “bleeding  off"  turbiJence  will  prove  a  highly-interesting  aspect  of 
model  testing.  Another  observation  of  as  yet  unknown  significance  relates  ■ 
to  the  relative  constriction  of  the  orifices  of  margr  of  these  same  arteries, 
in  comparison  with  their  diameters  distally,  A  third  curious  conformation, 
with  undoubted  direct  influence  on  fluid  flov'/,  took  the  form  of  slightly 
decreased  diameter  of  the  ascending  aorta  proximal  to  the  point  of  junction 
of  the  ductus  arteriosus,  and  relative  enlargement  of  the  descending  aorta. 
These  unexpected  findings  are  a  direcu  result  of  our  ability  now  to  reproduce 
exactly,  undor  physiological  presstire,  in  the-  intact  animal,  a  cast  of  the 
aorta  system  which  faithfxilly  mirrors  its  functioning  condition  during  life. 


.vj  *• 


.  - '‘Atm - 


Unclassified 


Security  Classification 


DOCUMENT  CONTROL  DATA  •  R&D 

(Steurtly  clatulllcatlon  of  tltla,  body  of  abatract  and  Indealnt  annotation  muat  be  antarad  wtian  tha  ovarall  raport  ia  claaaiflad) 


1.  ORIGINATING  ACTIVITY  (Cotporata  author) 

Hemodynamics  Research,  Inc. 
10  Headley  Road 
Morristown,  New  Jersey _ 


2a.  REPORT  SECURITY  CLASSIFICATION 


Unclassified 


26  CROUP 


3.  REPORT  TITLE 


Fluid  Dynamics  Study  of  Aorta  Flow 


4-  DESCRIPTIVE  NOTES  (Typa  ot  raport  and  Inehiaiva  dataa) 

Final  Report  —  15  June  1964  to  14  June  1965 


S  AUTHORCSJ  (Laat  nama,  lirat  nama,  initial) 

KUHN,  Robert  A.,  M.  D. 


6.  REPORT  DATE 

October  11,  1965 


8«.  CONTRACT  OR  GRANT  NO. 

Nonr-i+484(00) 

6.  PROJECT  NO.  RR  009-01—01 

c.  Task  NR  062-343 


d. 


7a.  TOTAL  NO.  OF  PACES 


76.  NO.  OP  REPS 
0 


9a.  ORICINATOR'S  REPORT  NUMBERfS^ 
1 


96.  OTHER  REPORT  NOfS>  (A ny  othar  numbara  diat  may  ba  aaalSnad 
thla  fsportj 


Req.  No.  062-343/3-2-64 


10.  AVAILABILITY/LIMITATION  NOTICES 


None 


11.  SUPPLEMENTARY  NOTES 


None 


12.  SPONSORING  MILITARY  ACTIVITY 

Office  of  Naval  Research 
Fluid  Dynamics  Branch 
Mathematical  Sciences  Division 


13.  ABSTRACT 


Using  a  pressure  gun  and  cartridges  of  liquid  silicone,  the  aortal  syste?TJS  of 
freshly-killed  calves  were  injected  tinder  physiological  pressures.  The  injected 
material  attained  a  permanent  set  within  minutes,  allowing  dissection  and  removal 
of  the  entire  system.  Artery  walls  were  removed  by  corrosion.  The  result^t  casts] 
—  the  first  precise  geometric  models  of  the  animal  aortal  system  —  shewed  a 
number  of  heretofore  unpublished  characteristics,  i.e.,  the  orifices  of  segmentally] 
difitributed  arteries  are  elliptical  in  shape  with  rostral,  gradually  deepening 
troughs.  The  aorta  itself  shows  a  characteristic  distortion  at  the  junction  of 
the  previ.ously  existent  ductus  arteriosus.  The  influence  of  these  peculiarities 
upon  blood  flow  within  the  system  is  at  present  being  investigated. 


DD 


FORM 

1  JAN  64 


1473 


Unclassified 


Security  Classification 


i 


V, 


Unclassified 

Security  Classification 


KEY  WORDS 


aorta 

model  construction 
casts 
si  lie one 
paraffin 
Cerrolow  117 
artery  orientation 
laminar  flow 


1  LINK  A 

LINK  B  1 

.  NOUK 

WT 

ROLC 

WT 

4 

5 

10 

3 

6 

10 

10 

9 

3 

0 

3 

0 

10 

10 

10 

3 

LINK  C 
ROLE  1  il 


INSTRUCTIONS 


I.  ORIGINATING  ACTIVITY:  Enter  the  name  and  address 
of  the  contractor,  subcontractor,  grantee.  Department  of  De¬ 
fense  activity  or  other  organization  fcorporafe  author)  Issuing 
the  report. 

2a,  REPORT  SECUHTY  CLASSIFICATION:  Enter  the  over^ 
all  security  classification  of  the  report.  Indicate  whether 
"Restricted  Data*’  la  Included.  Marking  la  to  be  In  accord¬ 
ance  with  appropriate  security  regulations. 

2h.  GROUT-;  Automatic  downgrading  is  specified  In  DoD  Di¬ 
rective  S200. 10  and  Armed  Forces  Industrial  Manual.  Enter 
the  group  number.  Also,  when  applicable,  show  that  optional 
markings  hove  been  used  for  Group  3  and  Group  4  as  author¬ 
ized. 

3.  REPORT  TITLE;  Enter  the  complete  report  title  In  all 
capita!  tetters.  Titles  in  all  cases  should  be  unclassified. 

If  a  meaningful  title  cannot  be  selected  without  classifica¬ 
tion,  show  title  classification  In  all  capitals  in  parenthesis 
immediately  following  the  title. 

4.  DESCRIPTIVE  NOTES  If  appropriate,  enter  the  type  of 
report,  e. g. ,  interim,  progress,  summary,  annual,  or  final. 

Give  the  inclusive  dates  when  a  specific  reporting  period  is 
covered. 

5.  AUTiroRfS);  Enter  the  name(s)  of  authotfa)  as  shown  on 
or  in  the  report.  Entei  last  name,  first  name,  middle  Initial. 

If  n;ititBry,  show  rank  end  branch  of  service.  The  name  of 
the  principal  author  is  an  obsolute  minimum  requirement. 

6.  REPORT  DATE.-  Enter  the  date  of  the  report  as  dty, 
month,  year;  or  month,  year.  If  more  than  one  date  appears 
on  the  report,  uae  date  of  publication. 

7a.  TOTAL  NUMBER  OF  PAGES;  The  total  page  count 
should  follow  normal  pagination  procedures,  Le.,  enter  the 
number  of  pages  containing  Information. 

76.  NUMBER  OF  REFERENCES  Enter  the  total  number  of 
references  cited  in  the  report. 

8a.  CONTRACT  OR  GRANT  NUMBER;  If  appropriate,  enter 
the  applicable  number  cf  the  contract  or  grant  under  which 
the  report  was  wrltterL 

86,  8c,  86  Bd.  PROJECT  NUMBER:  Enter  the  appropriate 
military  department  identincation,  such  as  project  number, 
subproject  number,  system  numbers,  task  number,  etc, 

9a.  ORIGINATOR’S  REPORT  NUMBER(S);  Enter  the  offi¬ 
cial  report  number  by  which  the  document  will  be  Identified 
and  controlled  by  the  originating  activity.  Thia  number  muat 
be  unique  to  this  report. 

96.  OTHER  REPORT  NUMBER(S):  If  the  report  has  been 
assigned  any  other  report  numbera  further  by  tba  originator 
or  by  tba  sponsor),  also  enter  this  numberfm). 

10.  AVAll.ABILITY/LIMITATlON  NOTICES;  Enter  sny  lim¬ 
itations  on  further  dissemination  of  the  report,  other  than  those 


imposed  by  security  classification,  ualng  standard  statementi 
such  as: 

(1)  "Qualified  requeetere  may  obtain  copice  of  thle 
report  from  DDC’’ 

(2)  "Foreign  announcement  end  dlaaeralnatlon  of  thib 
report  by  DDC  la  not  sutborlzad. ’’ 

(3)  "U.  S.  Government  agencies  may  obtain  coplea  of 
this  report  directly  from  DDC.  Other  qualified  DDC 
usera  shall  request  through 


(4)  "U.  S.  military  aganclaa  may  obtain  copies  of  this 

report  directly  from  DDC  Other  qualified  ueert 
•hall  request  through 


(5)  "All  distribution  of  this  report  la  controlled.  Qual¬ 
ified  DDC  users  shall  request  through 


If  the  report  hes  been  furnished  to  the  Office  of  Technical 
ScrvlcsB,  Department  of  Commerce,  for  sale  to  the  public,  Indi¬ 
cate  this  fact  and  enter  the  price.  If  known. 

IL  SUPPLEMENTARY  NOTES:  Uae  for  additional  explana¬ 
tory  notea. 

12.  SPONSORING  MILITARY  ACTIVITY:  Enter  the  name  of 
the  departmental  project  office  or  laboratory  aponcoring  Cpay- 
Ing  (or)  the  research  end  development.  Include  addreis. 

13.  ABSTRACT:  Enter  an  abstract  giving  a  brief  and  factual 
summary  of  the  document  indicative  of  the  report,  even  though 
It  may  alto  appear  elsewhere  in  the  body  of  the  technical  re¬ 
port.  If  additional  apace  Is  required,  a  continuation  sheet  shall 
be  attached. 

It  la  highly  desirable  that  the  abstract  of  classified  reporte 
be  unclaeiified.  Each  paragraph  of  the  abetract  ihill  end  with 
an  indication  of  the  military  security  classification  of  the  In¬ 
formation  in  the  paragraph,  represented  cs  fr5),  f5),  fC),  or  (V). 

There  is  no  limitation  on  the  length  of  the  abstract.  How¬ 
ever,  the  suggested  length  is  from  ISO  to  235  words. 

14.  KEY  WORDS:  Key  words  sre  technically  meaningful  terma 
or  short  phrases  that  characterize  a  report  and  may  be  uaed  ae 
index  entries  for  cataloging  the  report.  Key  worda  must  be 
selected  eo  that  no  security  classification  is  required.  Identi¬ 
fiers,  such  as  equipment  model  designation,  trade  name,  mlUtary 
project  code  name,  geographic  location,  may  be  uaed  as  key 
words  but  will  be  followed  by  an  Indication  of  technical  con¬ 
text.  The  assignment  of  links,  roles,  and  weights  la  optional. 


DD  1473  (BACK) 


Unclassified _ 

Security  Classification 


